12
The shortwave-infrared SCIAMACHY observations also provide information about 13 lower tropospheric CO in Arctic and sub-Arctic regions north of 60°N, where the 14 MOPITT sensitivity is strongly reduced. The SCIAMACHY CO total column averaging kernels are shown in figure 2. They 12 have been calculated following the method described in Gloudemans et al. [2008] , which 13 is analogous to the total column averaging kernel method used for satellite observations 14 of nitrous dioxide (NO 2 ) total columns as described in Eskes and Boersma [2003] and 15 Boersma et al. [2004] . A detailed description of the shape of the total column averaging 16 kernels can be found in Gloudemans et al. [2008] . To test the effect of the SCIAMACHY total column averaging kernels on CO total 20 columns they were applied to one year (2004) of TM4 simulated daily CO profiles. These 21 profiles provide a range of CO profile shapes from very polluted cases with large 22 amounts of CO in the boundary layer to very clean profiles with low CO concentrations 23 13 throughout the free troposphere. SCIAMACHY observations have solar zenith angles 1 ranging from 25-35° in the tropics to 70-80° at high latitudes. Applying the 2 SCIAMACHY CO total column averaging kernel results in a slightly larger CO total 3 column of 4 ± 4 % or 0.04 ± 0.04×10 18 molecules/cm 2 for solar zenith angles of 25° to 4 0.4 ± 0.1% or 0.005 ± 0.001×10 18 molecules/cm 2 for solar zenith angles of 80° compared 5 to those without applying the total column averaging kernel. The spread in these values is 6 related to deviations of the shape of the modeled CO profiles from the IMLM a priori CO 7 profile shape which represents the US standard atmospheric profile [Anderson et al. 8 1986]: the largest differences occur for profiles representing clean air masses in the 9
Southern Hemisphere or equatorial Pacific or highly polluted air masses close to major 10 CO sources. The differences are smaller for larger solar zenith angles since the total 11 column averaging kernels below 500 hPa are closer to unity -in particular for solar 12 zenith angles close to 80° (figure 2). The effect of the increase in the total column 13 averaging kernel above 200 hPa is small -about 1-2% -as less than 10% of the CO total 14 column is located above 200 hPa. 15
While the effect of the total column averaging kernel is not entirely insignificant, it is 16 considerably smaller than the instrument-noise error of a single measurement as well as 17 typical spatio-temporal CO column variations (see figures 6 and 7 later on). Hence, for 18 the remainder of the paper it is assumed that the SCIAMACHY CO column 19 measurements are true columns. 20 Figure 3 shows an example of the MOPITT normalized total column 7 averaging kernels for a winter and a summer day in an area over North America between 8 40º-60ºN and 80º-100ºW. These kernels have been calculated using the method described 9
in Deeter et al. [2007b] , and clearly show the reduced sensitivity of MOPITT to the lower 10 troposphere for lower surface temperatures. 11 MOPITT or SCIAMACHY averaging kernels and a priori were applied to the model 4 results. The difference pattern is rather scattered although the magnitude of the 5 differences is too large to be neglected and some coherent patterns can be seen. For 6 example, over most Northern Hemisphere mid-latitude oceans the average model CO 7 total columns sampled as SCIAMACHY are larger than those sampled according to the 8 MOPITT observations. Over these oceans more SCIAMACHY observations and fewer 9
MOPITT observations are available during spring compared to other seasons due to cloud 10 cover. Springtime observations thus have more weight in the SCIAMACHY mean and 11 less in the MOPITT mean. Combined with the notion that the largest Northern 12
Hemisphere CO total columns occur during early spring (cf. fig. 6 ), this explains why the 13 model total columns sampled as SCIAMACHY are larger than those sampled as 14
MOPITT over Northern Hemisphere mid-latitude oceans (Fig 5b) . 15 The seasonal cycles are qualitatively similar. At middle and high latitudes maximum 7 CO columns occur during local winter/early spring, i.e. February-April in the Northern 8
Hemisphere, September-October in the Southern Hemisphere. CO decreases rapidly in 9 the Northern Hemisphere during the period May-July due to photochemical destruction. 10
The Southern Hemisphere shows a distinct latitudinal gradient, which is absent in the 11
Northern Hemisphere, related to the close vicinity of major CO sources in the Northern 12
Hemisphere and the absence of large emission sources in the Southern Hemisphere. 13
Tropical CO increases due to seasonal biomass burning emissions can be distinguished 14 between the equator and 30ºS from July to November, as well as just north of the equator 15 throughout the year due to various other biomass burning emission regions. Hemisphere, as well as over some tropical emission regions. In the Tropics and Northern 7
Hemisphere SCIAMACHY is consistently larger than TM4, with in particular more CO 8 over East Asia. MOPITT is larger than both SCIAMACHY and TM4 for most parts of 9 the world, with the largest differences throughout the Northern Hemisphere. The lower 10 panels of figure 6 and the middle panels of figure 7 indicate that part of this difference is 11 related to the MOPITT averaging kernel and a priori, in particular at higher latitudes. (Fig. 5a) Figures 8c and 8d show MOPITT-SCIAMACHY absolute (8c) and relative (8d) 5 differences including this correction for the TM4 bias over northern hemispheric oceans. 6
Only differences at the 95% confidence level -i.e. larger than two times the 7 SCIAMACHY instrument-noise error -and in absolute terms larger than 1×10 17 8 molecules/cm 2 are shown. Many differences over tropical, subtropical and Northern 9
Hemisphere oceans as well Northern Hemisphere boreal regions are small or not 10 statistically significant any more. Note that most differences over high latitude boreal 11 regions like Siberia and Canada in figure 8c have disappeared because they are not 12 statistically significant (compare also with figure 1). Furthermore, differences over 13
Northern Hemisphere oceans are now less than 10%, suggesting that using TM4 model 14 results to account for the missing partial column below ocean cloud observations - figure  15 8b -has its limitations as the model has a bias in these regions which needs to be 16 corrected for. Furthermore, it is likely that the below ocean cloud partial CO columns are 17 spatially inhomogeneous, so the model bias will likely be larger close to emission sources 18 and smaller remote of emission sources, rather than being constant throughout the 19 Figure 4 shows that the latter difference cannot be explained by the 5 MOPITT vertical sensitivity. This suggests that both instruments as well as the model 6 simulation may be biased in this region. can not be derived from TIR instruments like MOPITT due to their reduced sensitivity to 7 the lower troposphere in these regions (cf. section 3.2; figure 4). 8
Smaller biases are seen over other land areas, especially over the eastern United 9
States, Europe and East Asia/Northern China, all regions with large anthropogenic CO 10 sources. Figure 4 showed that the reduced MOPITT sensitivity for the lower troposphere Deeter et al. [2007a] noted that using a log-normal distribution model constraints 4 rather than a normal distribution for the MOPITT a priori leads to a significant reduction 5 of surface CO mixing ratios (10-25 ppbv). 6
Finally, figures 8c and 8d shows significant differences over the dry deserts regions 7 of the world which will discussed in more detail in the next section. 8 9 5. SCIAMACHY -MOPITT differences over dry land regions. 10
11
As noted in the previous section, significant MOPITT-SCIAMACHY differences are 12 found over dry desert regions like the Sahara, the Middle East, central Asia and the 13 interiors of Australia and Southern Africa. These regions have very small SCIAMACHY 14 instrument-noise errors (cf. figure 1) and are also regions with high surface temperatures 15 and thus increased sensitivity of MOPITT to the lower troposphere [Deeter et al., 2007b] . 16
In order to investigate the cause of these differences, figure 9 shows the average CO 17 columns for MOPITT, SCIAMACHY and TM4 along a latitude band right across the 18 Sahara. Over the Pacific Ocean (180º-100ºW; 120º-180ºE), SCIAMACHY and MOPITT 19 CO total columns agree well. However, for the region 60 ºW to 120 ºE, significant 20 differences between SCIAMACHY and MOPITT are seen. We therefore focus in more 21 detail on this region, and for analysis purposes we have divided this transect into several 22 subsections, indicated in the middle panel of figure 9 . show that this model bias is about 10%, which is sufficient to explain most of the 7 SCIAMACHY-MOPITT differences over Northern Hemisphere oceans. 8
An interesting result is the correspondence between SCIAMACHY and MOPITT 9 over Arctic and sub-Arctic oceans north of 60 o N. Given that SCIAMACHY is close to 10 uniformly sensitive to the troposphere, this suggests that SCIAMACHY observations can 11 be used to study lower tropospheric CO variations in these regions, which is not possible 12 using TIR observations due to their reduced sensitivity to the lower troposphere over cold 13 surfaces. MOPITT CO total columns at the coastline could not be explained by differences in 4 MOPITT vertical sensitivity nor by the MOPITT bias found by Emmons et al. [2009] . 5
The agreement between MOPITT and SCIAMACHY over adjacent oceans suggests that 6 the MOPITT increase over dry desert regions may be related to the surface properties of Atmospheric Science Data Center. Finally, we thank Dave Edwards for his thoughtful 21 comments on this paper. 22
